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Abstract. A critical analysis of recent publications de-
voted to theNmF2 pre-storm enhancements is performed.
There are no convincing arguments that the observed cases
of NmF2 enhancements at middle and sub-auroral latitudes
bear a relation to the following magnetic storms. In all cases
considered theNmF2 pre-storm enhancements were due to
previous geomagnetic storms, moderate auroral activity or
they presented the class of positive quiet time events (Q-
disturbances). Therefore, it is possible to conclude that there
is no such an effect as the pre-stormNmF2 enhancement as
a phenomenon inalienably related to the following magnetic
storm. The observed nighttimeNmF2 enhancements at sub-
auroral latitudes may result from plasma transfer from the
plasma ring area by meridional thermospheric wind. En-
hanced plasmaspheric fluxes into the nighttime F2-region re-
sulted from westward substorm-associated electric fields is
another possible source of nighttimeNmF2 enhancements.
Daytime positive Q-disturbances occurring under very low
geomagnetic activity level may be related to the dayside cusp
activity.

Keywords. Atmospheric composition and structure (Ther-
mosphere – composition and chemistry) – Ionosphere
(Ionosphere-atmosphere interactions; Ionospheric distur-
bances)

1 Introduction

The problem ofNmF2 pre-storm enhancements comes up
from time to time in literature (Danilov et al., 1985; Danilov
and Belik, 1992; Danilov, 2001; Kane, 2005; Buresova and
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Laštovǐcka, 2007, 2008; Liu et al., 2008; Blagoveschensky
et al., 2006; Blagoveschensky and Kalishin, 2009). Both the
morphology and plausible mechanisms are considered. How-
ever the question is not as simple as it might seem. First of
all, the very fact of such enhancements’ existence should be
established in relation to the following geomagnetic distur-
bances, i.e., are the two phenomena related or is this a coin-
cidence and are the researchers wanting to see this relation-
ship? According to Buresova and Laštovǐcka (2007, 2008),
only 20–25% of magnetic storms are accompanied by pre-
storm NmF2 enhancements. What kind ofNmF2 increase
may be considered as a pre-storm enhancement (its magni-
tude, duration and lead time) should be established. How-
ever, all these morphological features have not been specified
yet. Moreover, the mechanism of the mid-latitude F2-layer
formation is well-established and one should hardly invent
new rather vague mechanisms especially to explain this ef-
fect (Blagoveschensky and Kalishin, 2009). Side by side
with this, one can find quite reasonable suggestions on the
mechanisms: variations of zonal electric field (E×B plasma
drift) at low latitudes (Liu et al., 2008), or neutral compo-
sition changes due to particle precipitation into the dayside
cusp (Danilov et al., 1985; Danilov and Belik, 1992). The
latter may be considered as an interesting proposition bear-
ing in mind that such a process is not accompanied by an
increase of geomagnetic activity measured in conventional
indices and the pre-storm enhancements, in principle, should
take place under a low magnetic activity level (see later). Di-
rect CHAMP observations (L̈uhr al., 2004; Schlegel, 2005)
have revealed a pronounced neutral density increase above
the dayside cusp. The analysis of DE-2 observations (Prölss,
2006) has shown the electron temperature increase in the
vicinity of the dayside cusp manifesting ionization and heat-
ing due to particle precipitation into the cusp area. The re-
sults of model calculations by Demars and Schunk (2007)
indicate an essential neutral temperature increase which is
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required to explain the observed neutral density variations.
Therefore, this proposition may open the way for further
analyses in this direction.

On the other hand, there exists a class of quiet time F2-
layer disturbances (Mikhailov et al., 2004) which may play
the role of pre-storm enhancements, but they are not related
to the following magnetic storms. Therefore, the aims of
the paper may be specified as follows: to provide a critical
analysis of some results published on this problem and to try
to draw a conclusion whether such a phenomenon as a pre-
storm NmF2 enhancement really exists in the mid-latitude
F2-region. Possible physical mechanisms of the observed
positiveNmF2 deviations are also discussed.

2 Analysis of the publications

As far as we know, the problem of theNmF2 pre-storm
enhancements has been formulated for the first time by A.
Danilov with co-authors (Danilov et al., 1985; Danilov and
Belik, 1992; Danilov, 2001). In those papers, the effect
was demonstrated by some cases offoF2 enhancement. All
the cases were nighttime ones and took place in winter at a
sub-auroral station, St. Petersburg (8inv=55.9◦). In further
considerations, we will use bothNmF2 andfoF2 parameters
which are related by a well-know expression. Before starting
our analysis, a general assumption should be made. In the
ideal case, a pre-stormfoF2 enhancement should precede the
magnetic storm onset (SC moment) and take place within a
reasonable time interval (say, within 24 h before the SC) and
should develop under quiet geomagnetic conditions. If an
observedfoF2 increase does not correspond to these require-
ments, there is no reason to consider it as a pre-storm en-
hancement: it may be attributed to quite different processes.
In our analysis we base it on the conventional indices: 3-h
ap, AE,Dst , and PCN. Quiet time conditions correspond to
AE<100 nT and PCN<2. All the periods withfoF2 enhance-
ments referred to in the papers in question were reanalyzed.
Some differences with the original results infoF2 variations
may arise from different medians used. Instead of monthly
median, we use a 27-day running median centered for the
day in question (Mikhailov et al., 2004), but whenfoF2 de-
viations are large enough, this difference in medians is not
important.

Let us briefly consider the periods from Danilov (2001)
and Danilov and Belik (1992) papers.

1 January 1978.That was a quiet period without any geo-
magnetic storms, but with splashes of AE-index up to 400 nT
and PCN>2 during the 1–2 January 1978 night. Daytime
foF2 values exhibited a stable positive effect during 4 days
(30 December 1977–2 January 1978). The nighttimefoF2
increase on 1–2 January 1978 may be attributed to the mod-
erate auroral activity according to AE- index variations.

1 March 1981. The entire period 24 February 1981–6
March 1981 was disturbed with the PCN index often ex-

ceeding 2,Dst<−30 nT. Splashes of AE index up to 550 nT
took place during the 28 February–1 March 1981 night. The
foF2 peak coincides exactly in time with the increased AE
indexes.

14 February 1980.During the 13–14 February 1980 night
the Bz component was southward providing favorable con-
ditions for a geomagnetic storm development. Although,
during the 13–14 February 1980 night AE indices were
<100 nT, the period of a moderatefoF2 increase was very
close to SC observed at 03:00 UT on 14 February 1980.
Therefore, the observedfoF2 increase may be considered as
a reaction to the storm onset.

12 December 1981.A well-pronouncedfoF2 increase took
place during the whole 11–12 December 1981 night. Dur-
ing this night, AE=100–200 nT and SC took place around
04:00 UT on 12 December 1981. Formally this case looks
like a “clear” one. However, similar largefoF2 enhancements
took place during the 9–10 December 1981 and 13–14 De-
cember 1981 nights which hardly can be related to the mag-
netic storm in question. The entire period 9–12 December
1981 was characterized by moderately enhanced auroral ac-
tivity with AE=100–300 nT and this can explain the elevated
foF2 values (see Discussion).

29 December 1981.A well-pronouncedfoF2 increase
took place from the evening hours till the midnight of 28–
29 December 1981. The previous daytime 12:00–17:00 UT
period was characterized by enhanced auroral activity with
AE=170–480 nT and PCN>2 and this should change the
thermospheric neutral composition (see Discussion). More-
over, according toDst -index variations a positive excursion
(SC) was observed at 08:00–11:00 UT, so the eveningfoF2
increase took place during the main phase of the storm.

9 January 1983.A pronouncedfoF2 increase took place
from the evening until midnight on 8–9 January 1983. Posi-
tive excursion (SC) ofDst was observed at 13:00–16:00 UT
followed by an increase in the auroral activity with AE=106–
422 nT at 16:00–18:00 UT. Therefore, thefoF2 increase is the
reaction to the enhanced auroral activity.

1 March 1983.A very moderatefoF2 increase took place
during the evening hours on 28 February 1983, but this pe-
riod coincides with an enhanced auroral activity: AE indices
were up to 330 nT and PCN>2. Similar foF2 enhancement
took place during the previous evening.

Summarizing the results on the periods considered by
Danilov, one may draw the following conclusions. All the
observedfoF2 enhancements can be related with the follow-
ing: (i) moderate auroral activity with AE=200–400 nT; (ii) a
reaction to the SC; (iii) thefoF2 enhancements developed un-
der low geomagnetic activity and similarfoF2 increases took
place for adjacent dates. An essential moment is that St. Pe-
tersburg is a sub-auroral station with8inv=55.9◦ and all the
events considered took place during nighttime hours. Ac-
cording to Sagalin and Smiddy (1974) the equatorial bound-
ary of the plasma ring with irregular ionospheric structure,
due to soft electron precipitation, is located at8inv=58-62◦
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during nighttime hours. Therefore, St. Petersburg is located
very close (4 degrees southward on average) to the zone with
enhanced and irregular F2-layer ionization. During night-
time the meridional thermospheric windV nx is equatorward
with a velocity of∼100 m/s (Hedin, 1991; Buonsanto and
Witasse, 1999). This takes less than 1.5 h for plasma to be
transferred from the place of its production to the latitude
of St. Petersburg. During nighttime hours, the e-fold time
with respect to plasma recombination is much larger than
1.5 h (Ivanov-Kholodny and Mikhailov, 1986). Therefore,
this plasma can be observed at the location of St. Petersburg.
Moderately enhanced auroral activity only helps the situation
when the plasma ring shifts southward (Yudovich, 1965; An-
drews and Thomas, 1969) and the intensity of ionization in-
creases (e.g. Sato and Colin, 1969). Therefore, the analyzed
cases of nighttimefoF2 enhancements at St. Petersburg can
be explained without any relationship to the following mag-
netic storms.

Another mechanism which may be efficient at the latitude
of St. Petersburg during nighttime hours, is plasma compres-
sion in the magnetic tubes of force by westward substorm-
associated electric fields and dumping plasma into the night-
time F2-region (see Discussion). According to Davis et
al. (1979) nighttime F2-region electron density enhance-
ments have a maximum near8=55◦ due to latitudinal depen-
dence of the magnetic tube electron content. Magnetic tubes
with L>3 are only partly filled with plasma due to long time
of recovery after geomagnetic disturbances (Carpenter and
Park, 1973; Krinberg and Tashilin, 1984).

Next step in this direction was undertaken by Kane (2005)
who considered three periods with very large magnetic
storms: 28–31 October 2003, 19–22 November 2003, and
13–14 March 1989. He found strong positive effects infoF2
within the 24 h period before the SC. Based on these three
events, he suggests considering, not less than such pre-storm
foF2 enhancements as precursors for the geomagnetic distur-
bances. Later this “idea” was taken up by Blagoveschensky
et al. (2006).

28 October 2003.A large positivefoF2 enhancement took
place during daytime hours. That was a disturbed day and
the analysis of his period, see later, in connection with the
Buresova and Lǎstovǐcka (2007, 2008) results.

19 November 2003.The auroral activity was elevated for
the entire day with daily average AE=238 nT and splashes of
AE indices up to 533 nT.

12 March 1989.The auroral activity was elevated for the
whole day with daily average AE=299 nT and splashes of AE
indices up to 1060 nT.

Therefore, the three pre-storm periods were disturbed with
high enough levels of the auroral activity and the observed
foF2 enhancements were due to this activity. The effects of
the elevated auroral activity onNmF2 variations at middle
latitudes are considered later. Whether such pre-storm auro-
ral activity is related to the following magnetic storms is a
question which is beyond the scope of this paper. Many ex-
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Fig. 1. Helio-geophysical parameter variations for the 27–29 Octo-
ber 2003 period.

amples of isolated magnetic storms can be found which are
not preceded by any pronounced auroral activity.

More careful analysis has been performed by Buresova
and Lǎstovǐcka (2007, 2008), who analyzed 65 strong ge-
omagnetic storms over the 1995–2005 period using mid-
latitude worldwide ionosonde observations. They have found
the foF2 pre-storm enhancements for 15 events in Europe.
No effects have been revealed in the F1- and E-regions and
the pre-storm electron density increases were found to be
confined to the F2-region only. A longitudinal effect in the
foF2 pre-storm occurrence has been also analyzed. All the
periods are listed in the paper and this allowed us to reana-
lyze them.

Their Fig. 1, given as the largest pre-storm enhancement
case of 1995–2005, cannot be considered as a successful ex-
ample. The entire period preceding the 29 October 2003
event was disturbed and the authors themselves stressed this
in the paper, but this fact did not stop them.

The geophysical parameter variations characterizing the
period in question are given in Fig. 1.

Two substorms took place during 27 October 2003 and 28
October 2003 and PCN was>2 for the entire period. The
auroral activity was elevated for the whole day of 28 Octo-
ber 2003 with large splashes of AE index (Figs. 1 and 2).
The splash of the auroral activity around 08:00 UT (Fig. 2,
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Fig. 2. Observed variations of AE-index,hmF2, andfoF2 at Julius-
ruh and Rome on 28 October 2003. The TAD was launched by
the upsurge of the auroral activity around 08:00 UT and its passage
(arrows) is seen inhmF2 andNmF2 variations at the two stations.
Dashes – median values.

top panel) produced a TAD whose passage is clearly seen in
hmF2 andNmF2 variations at Juliusruh around 12:00 UT and
later at Rome around 13:00 UT (Fig. 2). An uplift of the mid-
latitude F2-layer under sunlit conditions always results in an
NmF2 increase clearly manifested at Juliusruh and Rome as
well as at Slough (their Fig. 1). Therefore, the observedfoF2

increase on 28 October 2003 has a clear explanation which
is not directly related to the future magnetic storm on 29 Oc-
tober 2003.

The authors have not detected any pre-storm enhance-
ments in the E-region and on this basis they concluded that
the pre-stormfoF2 enhancements presented a special class of
events different from positive Q-disturbances, which accord-
ing to Mikhailov et al. (2004) present quiet-time F2-layer
perturbations not related to geomagnetic activity. However,
their analysis was not accurate enough. The method how
one can observe the synchronism inNmF2 andNmE vari-
ations is described by Mikhailov et al. (2007). Due to the
formation mechanisms of the mid-latitude daytime F2- and
E-regions, the in-phaseNmF2 andNmE variations can be ob-
servedonly during daytime hours, but the authors did not pay
any attention to this important point considering all LT hours
and found no coherence, naturally. Moreover, such delicate
analysis (due to smallNmE variations) needs special meth-
ods (see Mikhailov et al., 2007), which the authors have not
applied during their consideration.

We have reanalyzed the 15 periods listed in the paper and
added about 20 similar cases on Slough, Juliusruh, Lycksele,
and St. Petersburg stations from our data base with quiet-time
F2-layer disturbances (Q-disturbances). The selection proce-
dure was arranged to find a daytime positive Q-disturbance
followed by a magnetic storm within a 24-h time interval and
the storm time period should include at least one ap-3 h value
≥50. In the framework of our approach to the analysis of Q-
disturbances (Mikhailov et al., 2004), a 27-dayfoF2 running
median, centered for the day in question rather than usual
monthly median, is used. On one hand, a 27-day running
median looks more natural as this period equals to one so-
lar rotation, on the other hand, this saves us from large and
unreal disturbance effects in the beginning and in the end of
a month as well as at the junction of two months especially
during the equinoctial periods when changes in the thermo-
sphere and ionosphere are very fast. Therefore, some differ-
ences with the results based on monthly medians may take
place.

The analysis of the selected periods has shown that pos-
itive Q-disturbances usually appear as a group of succes-
sive (2–6) days. In our selection procedure, this succes-
sion is ended by a magnetic storm. Two examples of such
successions are given in Figs. 3 and 4 for Lycksele on 4–
7 November 1983 (positive daytime and negative nighttime
deviations) and for St. Petersburg on 4–7 May 1968 with
both daytime and nighttime positive1NmF2 deviations. In
both cases, the days preceding the magnetic storm were quiet
with dailyAp≤7 (see also AE-index variations). All the days
in the successions exhibit positive1NmF2 deviations during
daytime hours. The last days before the storm onset demon-
strate exactly the same type ofNmF2 variations as the 2–3
previous days in the successions. This indicates that such
daily NmF2 variations (including the pre-storm day) have
nothing to do with the following magnetic storm. In the case

Ann. Geophys., 27, 1321–1330, 2009 www.ann-geophys.net/27/1321/2009/



A. V. Mikhailov and L. Perrone: Pre-stormNmF2 enhancements at middle latitudes 1325

 18

0

250

500

750
A

E,
 n

T

0 12 24 36 48 60 72 84 96
UT, hours

4.4

5.2

6.0

Lo
gN

m
F2

, c
m

-3

Nov 04-07, 1983

Lycksele

Ap=7 Ap=3 Ap=3 Ap=12

 
 
Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. A 4-day succession of daytime positive and nighttime nega-
tive NmF2 disturbances under low or slightly elevated auroral activ-
ity. Daily Ap indices are also given in the lower panel. Note that the
pre-stormNmF2 daytime enhancement on 7 November 1983 looks
absolutely the same as for the previous days.

of 4–7 May 1968 (Fig. 4), the magnetic storm started in the
daytime LT sector and this resulted in a positive storm phase,
so called positiveNmF2 disturbance of type II (Zevakina and
Kiseleva, 1978). However, this effect has quite a different
formation mechanism and is not related to the question con-
sidered.

We have analyzed such successions for the periods listed
in the paper by Buresova and Laštovǐcka (2008) as well
as for the extended list of dates. In accordance to our
method, only daytime (11:00–14:00) LT hours were ana-
lyzed. For both selections, it was found that relative devi-
ationsδ=NmEobs/NmEmed>1 (i.e. NmE are higher than the
median) at a confidence level>95% according to Student
criterion. We have also calculated the correlation coeffi-
cient betweenδNmF2 andδNmE for the 15 periods listed
in the paper by Buresova and Laštovǐcka (2008). We took
1–3 days from each period with positiveδNmF2 deviations.
As in our earlier analysis (Mikhailov et al., 2007), the cor-
relation betweenδNmF2 andδNmE was found to exist al-
though the coefficientr=0.32 is not high, but it is significant
at least at the 90% confidence level, according to Fisher F-
criterion. Therefore, there is a synchronism inNmF2 and
NmE variations and we may conclude that such days with
positive 1NmF2 daytime deviations belong to the positive
Q-disturbance events (Mikhailov et al., 2004, 2007), i.e. they
are not related to the following magnetic storms. Of course,
quiet periods end sooner or later by magnetic storms and one
of the Q-disturbance days may turn out to be the last in the
succession, but this is just a random coincidence.

It should be stressed that, unlike the 28 October 2003
case, the majority of 15 selected periods in the Buresova and
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Fig. 4. A 3-day succession of daytime and nighttime positiveNmF2
disturbances under low or slightly elevated auroral activity. Daily
Ap indices are also given in the lower panel. Note that the pre-storm
nighttimeNmF2 enhancement on 6 May 1968 looks the same as for
the previous days. The daytimeNmF2 upsurge after the storm SC
on 7 May 1968 is a typical of positive storm phase (NmF2 positive
disturbance of type II).

Laštovǐcka (2008) paper were really quiet before the storm
onset and they exhibit theNmF2 variations similar to those
given in Figs. 3, 4. The other question, what did the au-
thors understand when speaking about thefoF2 pre-storm
enhancement, the entire positively disturbed day (night) with
δfoF2>20%, or a splash of such magnitude in diurnalfoF2
variations? ThefoF2 enhancement should wittingly be be-
fore the SC and not to coincide with it, but it is hard to tell
what is the pre-storm enhancement in the case offoF2 varia-
tions similar to those given in Figs. 3, 4.

Another result of the Buresova and Laštovǐcka (2008)
analysis is thatNmF2 enhancements are not accompanied
(as a systematic phenomenon) by Ne enhancements in the
F1-region. As earlier with the 28 October 2003 case, their
Fig. 3 (22 July 2004) which illustrates this result, is also not
successful. On one hand, the top (12:00 UT) and the bottom
(14:00 UT) panels clearly show the electron density increase
both in the E- and F1-regions at Chilton which is contrary
to what the paper says. The middle panel of their Fig. 3
(13:00 UT) is a classical illustration of TAD passage with a
corresponding Ne(h) profile deformation. The SC occurred
at 10:36 UT on 22 July 2004 and it was followed by the au-
roral activity increase around 11:00 UT (Fig. 5). This splash
of AE launched the TAD whose passage is seen at Chilton
around 13:00 UT (their Fig. 3) and later at Rome (Fig. 5).

The formation mechanisms of the daytime F1- and F2-
regions are closely related via neutral composition, the
scheme of photo-chemical processes being practically the
same. Therefore, if the dynamics are not too strong like we
have in the case of TAD passage, then one should expect
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Fig. 5. Observed variations of AE-index,hmF2, andfoF2 at Rome
on 22 July 2004. The TAD was launched by the upsurge of the
auroral activity around 11:00 UT and its passage (arrows) is seen
in hmF2 andNmF2 variations at Rome around 14:00–15:00 UT.
Dashes – median values.

in-phase variations of electron concentration in the two iono-
spheric regions during daytime hours. This takes place even
under disturbed conditions as it was shown by Mikhailov
and Schlegel (2003) who analyzed ISR observations. Indeed,
positiveNeF1 effects in the F1-region are much less than in
the F2-region due to a strong compensating role of molecule
ions (Mikhailov and Schlegel, 2003), but basically the sign
of NeF1 changes is controlled by [O+] variations and this
provides the synchronism inNeF1 andNmF2 variations.

3 Discussion

The undertaken analysis has shown that there are no con-
vincing arguments that the observed cases ofNmF2 pre-
storm enhancements bear a relation to the following mag-
netic storms. In all cases considered either theNmF2 en-
hancements were related to moderate auroral activity or sim-
ilar NmF2 enhancements took place during some previous
days and such type ofNmF2 variations have nothing to do
with the following magnetic storms. Therefore, it is pos-
sible to conclude – there is no such an effect as the pre-

stormNmF2 enhancement as a phenomenon absolutely re-
lated to the following magnetic storm, to say nothing of using
such enhancements as a precursor for the following magnetic
storms (Kane, 2005; Blagoveschensky et al., 2006).

It may seem that a moderate auroral activity characterized
by AE=200–400 nT is not sufficient to produce the observed
F2-layer positive effects, as many cases ofNmF2 enhance-
ments considered in the referred papers took place under
such conditions, but this is a delusion. The F2-layer pos-
itive storm effect is mainly a phenomenon related to sub-
storm activity. This peculiarity was mentioned many years
ago by Zevakina and Kiseleva (1978) who found that pos-
itive disturbances were more frequent at low and moder-
ate geomagnetic activity with 10<

∑
Kp<20, AEmax=200–

400̇nT,Dst=10–30 nT. Similar conclusions were obtained by
Zevakina and Hill (1978) who analyzed F2-layer storms at
the low-latitude station San Jose where positive disturbances
dominate. Only 25 ionospheric disturbances of 125 ana-
lyzed were accompanied by magnetic storms. They con-
cluded that “pure” positive ionospheric F2-layer disturbances
(not associated with the magnetic ones) exhibited the same
variations as the disturbances during geomagnetic storms but
only with less amplitude. The same conclusion was made by
Park (1974). The analysis by Zevakina and Hill (1978) has
shown that all “pure” ionospheric disturbances were associ-
ated with weak magnetospheric activity related to a sequence
of small substorms, i.e. with low/moderate auroral activity.
However, it should be stressed that apart from such types of
positivefoF2 disturbances, there exist a class of positive Q-
disturbances which take place under quiet geomagnetic con-
ditions (Mikhailov et al., 2004).

Zevakina and Kiseleva (1978) were also the first who re-
vealed F2-layer positive disturbances of two types. Type I
is referred to those disturbances which are followed by quiet
ionospheric conditions. After the active period of such dis-
turbances, enhancedfoF2 are observed for the whole day and
the active period is repeated in 24 h with decreasedδfoF2 val-
ues. Positive disturbances of type II are followed by negative
F2-layer storms. The disturbances of type II are shorter than
of type I, but their amplitude is larger. Disturbances of type II
are accompanied by largerhmF2 increases. Actually positive
disturbances of type II present the first phase of a two-phase
(positive/negative) ionospheric disturbance (see an example
in Fig. 4). Some of these peculiarities in the positive storms
occurrence were observed later by Tsagouri et al. (2000) and
Belehaki and Tsagouri (2002). These morphological differ-
ences indicate that the two types of positive disturbances be-
long to different classes of events and have different forma-
tion mechanisms. Positive disturbances of type II occur dur-
ing sunlit hours and they are due to TADs passage (see later).
Long-duration positive disturbances (type I) take place dur-
ing both daytime and nighttime. They are related mostly
to atomic oxygen abundance increase during daytime hours
(Mikhailov et al., 2007) and to a plasmaspheric influx during
nighttime (Mikhailov et al., 2000b).
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Some comments may be pertinent in relation with the dis-
cussed mechanisms. The so called meteorological control of
the ionosphere is widely discussed in literature. Although
this impact from below is still considered as a reason to ex-
plain at least some types of the F2-layer disturbances and
this is a work for future, our analysis of Q-disturbances has
shown that the main morphological features can be explained
in the framework of the contemporary understanding of the
thermosphere-ionosphere interaction. That is, the sources
of the considered Q-disturbances are located in the thermo-
sphere itself. It should be mentioned that Rishbeth (2006)
has also expressed a restrained optimism with regard to the
F-region – lower atmosphere links.

Let us analyze the most typicalNmF2 enhancement cases
starting our consideration with daytime mid-latitude condi-
tions. Upsurges of the auroral activity similar to 28 Octo-
ber 2003 (Fig. 2) or 22 July 2004 (Fig. 5) produce TADs
moving towards the equator. Apart from the deformation of
the Ne(h) profile as a whole, the equatorward wind in such
TADs shifts the F2-layer to higher altitudes with a higher
production/loss ratio resulting in anNmF2 increase. This is a
well-known mechanism of the F2-layer positive storm effect
(Prölss, 1993, 1995; Bauske and Prölss, 1997). This type of
positive disturbances may be attributed to the type II (Zevak-
ina and Kiseleva, 1978).

Whether such increases of the auroral activity are related
to the following magnetic storms, this is a question, but ac-
cording to Zevakina and Hill (1978) only 20% of the ana-
lyzed F2-layer positive disturbances were accompanied by
magnetic storms. This coincides with the estimation (20–
25%) given by Buresova and Laštovǐcka (2007).

The other situation arises with the positive long-duration
F2-layer disturbances, positive Q-disturbances belonging to
the same class of the F2-layer perturbations (Mikhailov et al.,
2007).

As it was noted earlier, some of the events analyzed by Bu-
resova and Lǎstovǐcka (2007, 2008) belong to this type of the
F2-layer disturbances. They are related to slightly enhanced
auroral activity when the solar-driven thermospheric pole-
ward wind is damped and this stimulates neutral gas down-
welling which increases the atomic oxygen abundance in the
thermosphere at sub-auroral and middle latitudes. This was
shown, for instance, by Rishbeth (1998, his Fig. 3).

The damped poleward neutral wind reduces the downward
plasma drift in the daytime F2-region. Both the atomic oxy-
gen abundance increase and the downward plasma drift de-
crease result in theNmF2 increase during sunlit hours. Such
an example is given in Fig. 3. Under low (Ap=3–7) geo-
magnetic activity, we have positive1NmF2 deviations dur-
ing daytime hours. It may be pertinent to note that according
to Burke et al. (2007), significant energy can be deposited
in the ionosphere without corresponding magnetic perturba-
tions on the ground. Therefore, low levels of geomagnetic
activity measured in conventional magnetic indices may not
adequately present a real situation in the ionosphere. This is

especially valid when we consider the effects related to the
dayside cusp.

A possible relationship of the F2-layer pre-storm enhance-
ments with the dayside cusp activity has been proposed for
the first time by A. Danilov with co-authors (Danilov et al.,
1985; Danilov and Belik, 1992). This seems to be an interest-
ing idea, bearing in mind that particle precipitation into the
cusp produces both ionization (Prölss, 2006) and the ther-
mosphere heating (L̈uhr et al., 2004; Schlegel et al., 2005;
Demars and Schunk, 2007) without any geomagnetic effects.
Therefore, some of the F2-layer Q-disturbances may be well
related to the dayside cusp activity. Unfortunately, the mech-
anism mentioned in the first publications by A. Danilov looks
pretty vague for the following reasons: the thermospheric
heating in the cusp area implies upwelling of neutral gas
which results in a decrease of the O/N2 ratio while positive
disturbances need an increase of this ratio. A direct trans-
fer of fresh ionization from the dayside cusp to the nighttime
F2-region (all their positive disturbance cases are nighttime
ones) over the whole polar cap is impossible due to large time
of such transfer. Moreover, according to DE-2 observations
in general a decrease in the electron density takes place at
the dayside cusp area (Prölss, 2006). This electron density
decrease is explainable under the O/N2 ratio decrease due to
neutral gas upwelling.

Therefore, how F2-layer positive disturbances could be re-
lated to the dayside cusp activity is not clear. However the
very idea of the dayside cusp involvement in the process of
the positive disturbances formation proposed by A. Danilov
seems to be correct. Here we have the situation similar
to slightly elevated auroral activity which was considered
earlier. The heated thermosphere above the dayside cusp
changes pressure gradients and damps the solar-driven pole-
ward wind stimulating neutral gas downwelling by this way
at sub-auroral and middle latitudes. The latter, as it was
shown by Rishbeth (1998, his Fig. 3), increases the atomic
oxygen abundance in the thermosphere. The O/N2 ratio in-
crease, along with the downward plasma drift decrease (due
to the polewardV nx decrease), provide theNmF2 increase
during sunlit hours. Therefore, daytime long-duration F2-
layer positive disturbances observed under very quiet geo-
magnetic conditions (positive Q-disturbances in Figs. 3, 4)
may be related to the dayside cusp activity. An additional
analysis is needed to specify the required geophysical condi-
tions when the dayside cusp is efficient to produce such type
of F2-layer disturbances.

Speaking about the successions of positive Q-
disturbances, it may be interesting to discuss the following:
a continuous day-to-day increase infoF2 which is well seen
if the quiet-time period is long enough. Such an example
is shown in Fig. 6 for the 16–25 September 1958 period
at Lycksele. A succession of 8 quiet days is confined on
both sides by magnetic storms. A continuousfoF2 increase
starts from 18 September 1958 and peaks on 22 September
1958. Then the auroral activity started to increase (seen in
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Fig. 6. Observed variations of AE-index andfoF2 at Lycksele dur-
ing the 16–25 September 1958 period. Note a continuous increase
of foF2 daytime values until September 22 as a result of the mag-
netic tube of force refilling by plasma from the daytime F2-region.
Figures in the bottom panel – dailyAp indices. Dashes – median
foF2 values.

AE indices, but only slightly inAp) during two days, on the
third day a new magnetic storm has started. It is interesting
to note that even a slight increase in the auroral activity up to
AE=200–250 nT on 23–24 September 1958 has stopped the
process andfoF2 started to decrease. If the magnetic storm
started two days earlier on 23 September 1958, we would
have a very pronounced “pre-storm”foF2 enhancement in
terms of the Buresova and Laštovǐcka (2008) paper.

This day-to-dayNmF2 increase reflects the refilling pro-
cess of the depleted magnetic tube of force with plasma from
daytime F2-layer (Park, 1970; Krinberg and Taschilin, 1984).
The characteristic time of the refilling process for the tube at
Lycksele (L=4.4) is about 50 days (Krinberg and Taschilin,
1984). Such a tube is never completely filled as magnetic
storms depleting it occur more often. The effect of the empty
tube is clearly seen for the first three nights following the
magnetic storm (Fig. 6). The depleted tube cannot supply a
sufficient influx of O+ ions into the nighttime F2-region and
NmF2 values are below the median level. The same effect
is seen in Fig. 3 for the 4–6 November 1983 period at Lyck-
sele, but not at St. Petersburg for the 4–7 May 1968 period
(Fig. 4). On one hand, a pretty long period preceding the
4–7 May 1968 event was relatively quiet without magnetic
storms, therefore the tube was relatively filled. On the other
hand, the sunset in May at the latitude of St. Petersburg is
later in time than at Lycksele in November and this provides
largerNmF2 values in the course of the night.

The formation mechanism of the nighttime mid-latitude
F2-region includes three factors: the initial startingNmF2
value at the sunset, the equtorward thermospheric windV nx,

and the plasmaspheric flux of O+ ions into the F2-region
(Ivanov-Kholodny and Mikhailov, 1986). The meridional
wind only uplifts F2-layer from the fast recombination area
providing, in the way, the maintenance of nighttimeNmF2
values at a sufficient level. Large sunsetNmF2 values may
be conserved by this process for many nighttime hours due
to a large e-fold time with respect to recombination (Fig. 4).
But such types ofNmF2 variations may hardly be considered
as an “enhancement”. Therefore, the only way to produce a
nighttimeNmF2 enhancement is to increase the plasma in-
flux from the plasmasphere. This is a well-know problem
which has been investigated for many years using world-
wide NmF2 and TEC observations. The analysis of this
nighttime phenomenon and the discussion of its formation
mechanism can be found in (Mikhailov et al., 2000a, b, and
references therein). The increase of the plasmaspheric flux
producing the nighttimeNmF2 enhancement may be stimu-
lated by westward electric field compressing plasma in the
magnetic tubes of force and dumping it into the F2-region.
This idea has been proposed by Park (1971, 1973) who used
whistler observations and revealed the depletion of plasma-
spheric tubes presumably by westward substorm-associated
electric fields. Later this mechanism was confirmed by di-
rect Millstone Hill ISR observations (Mikhailov and Förster,
1999). Therefore, the “pre-storm” nighttimeNmF2 enhance-
ments occurring under moderate auroral activity may be well
due to this mechanism. But it should be stressed that night-
timeNmF2 enhancements at middle and sub-auroral latitudes
is a common phenomenon reflected even in monthlyNmF2
medians and, therefore, by no means related to geomagnetic
storms.

The analysis by Buresova and Laštovǐcka (2008) has
shown thatNmF2 pre-storm enhancement is not a global ef-
fect, but is confined to a longitudinal sector although a wide
one. This is not a surprising result, which just reflects the dif-
ference in formation mechanisms of daytime and nighttime
mid-latitude F2-region. For instance, TADs originated from
splashes of the auroral activity to produceNmF2 increases in
the sunlit F2-region, but onlyhmF2 increases during night-
time hours without noticeable changes inNmF2. The latter is
due to the absence of direct photo-ionization during the night
and the F2-layer is uplifted from the fast recombination area
by strong equatorward thermospheric windV nx, therefore
some movements of the F2-layer in height has small effect in
NmF2.

The mechanism of nighttimeNmF2 enhancements may
be related either to direct plasma transfer from the auroral
oval to the sub-auroral stations by the equatorwardV nx, or
to plasma influx into nighttime F2-region from the plasmas-
phere. Both processes are inefficient during daytime hours as
V nx is poleward and the rate of plasma influx is much less
the rate of direct photo-ionization. Therefore, one should
not expect simultaneous occurrence ofNmF2 enhancements
in daytime and nighttime LT sectors as it was noted by Bu-
resova and Lǎstovǐcka (2008).
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4 Conclusions

The results of our analysis may be summarized as follows:

1. There are no convincing arguments that the observed
cases ofNmF2 pre-storm enhancements at middle and
sub-auroral latitudes considered by other researchers
bear a relation to the following magnetic storms. In
all cases considered either theNmF2 enhancements
were due to moderate auroral activity or similarNmF2
enhancements took place during some previous days
presenting the class of positive Q-disturbance events.
Therefore, it is possible to conclude that there is no such
an effect as the pre-stormNmF2 enhancement as a phe-
nomenon inalienably related to the following magnetic
storm.

2. NighttimeNmF2 enhancements observed at sub-auroral
latitudes under moderate auroral activity can be related
to the plasma transfer from the plasma ring area by
meridional equatorward wind. SimilarNmF2 enhance-
ments in the mid-latitude nighttime F2-region may be
due to enhanced plasmaspheric fluxes resulted from
westward substorm-associated electric fields. Such
nighttimeNmF2 enhancement is a frequently observed
phenomenon which is by no means related to geomag-
netic storms.

3. Daytime short and pronouncedNmF2 enhancements are
due to TAD passage related to splashes of the auroral ac-
tivity. At present there are no indications whether such
auroral activity increases are related to the following
magnetic storms.

4. Long-duration positive Q-disturbances appear as a suc-
cession of days with similarNmF2 diurnal variations.
Such a succession may be cut by a magnetic storm at
any moment, but the last day before the storm belongs
to the succession and has nothing to do with the follow-
ing magnetic storms.

5. Positive Q-disturbances occurring under very low ge-
omagnetic activity level need a special mechanism for
their explanation. The dayside cusp proposed by A.
Danilov as an alternative channel for the F2-layer dis-
turbances formation may help explain the occurrence
of this type of the F2-layer positive perturbations. The
mechanism includes damping of the background solar-
driven thermospheric circulation with corresponding
neutral gas downweling at middle and sub-auroral lat-
itudes.
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